Drought associated with soil acidity and exchangeable Al 3+ in depth are one of the main limiting factors in agricultural production in Northeast Brazil. Acidity correctives such as limestone, metallurgy slag, and gypsum are alternatives to minimize the effects of seasonal droughts on the crop. A field study was carried out to evaluate the effect of the slag and gypsum on the morphological aspects and productivity of sugarcane during two crop cycles. A randomized block design in subdivided plots scheme with four replications was used. The plot consisted of five rows of 10 m length each, spaced 1 m from each other. Treatments consisted of five levels of metallurgy slag (0; 1; 2; 3 and 4 Mg ha ). Slag and gypsum had no effect on sugarcane plant yield. However, regarding sugarcane ratoon, slag increased the yield per hectare by 1.96 Mg ha -1 and sugar yield by 0.33 Mg ha -1 per Mg of applied slag. Slag and gypsum provided better biomass allocation to the root system and improved root distribution along the soil profile.
Introduction
Brazil is the largest producer of sugarcane in the world with approximately 9.1 million hectares of planted area and with an estimated total production of 694.5 million tons (2016/2017 harvest), which will be transformed into 39.8 million tons of sugar and 27.9 billion liters of ethanol (CONAB, 2016) .
The average yield of Brazilian sugarcane is considered low compared to its biological potential, which can exceed 300 t ha -1 (Landell, 2006) . Water deficit is the main factor limiting sugarcane productivity around the world (Jangpromma et al., 2010) .
The use of silicon stands out among the several agronomic practices used to mitigate the effect of water stress in plants (Crusciol et al., 2009; Mauad et al., 2011) . The physiological effects are related to increased photosynthetic activity, resistance to pest and disease and plant tolerance to drought (Crusciol et al., 2009) .
Sugarcane is considered a silicon-accumulating species, with can accumulate 0.14% of this element in young leaves, reaching up to 6.7% in stalks and old leaves, been able to extract up to 500 kg of silicon per hectare under suitable conditions of Si supply (Korndörfer et al., 2002) .
Gypsum is another agricultural input used to minimize the effect of drought stress. It all improves the distribution of roots in depth and allows plants to use more water and nutrients, especially during drought periods. The use of gypsum in sugarcane has increased root growth in depth, providing, more absorption of water and nutrients resulting in higher crop yield (Morelli et al., 1992; Rocha et al., 2008) .
The hypothesis suggested in this study is that the use of metallurgy slag associated with gypsum has a synergistic effect of favoring root growth in depth and, thereby, minimize the effects of water deficit and increase sugarcane yield. Thus, this study aimed to evaluate the morphological and yield changes in sugarcane subjected to the use of metallurgy slag associated with gypsum in plant and ratoon sugarcane crop.
Material and Methods

Caracterization of Experimental Area
The research was carried out in field condition between late 2011 and early 2013, at the geographic coordinates 9°25′ S and 36°06′ W. The soil in the region is classified as Fluvic Neosol or Fluvisols (Embrapa, 2013) . The rainy tropical climate predominates in the region with dry summer (As'), with an average annual rainfall of 1,309.9 mm (Koffler, 1986) . The average temperature in the region is 25 °C, with a maximum of 30 °C and a minimum of 20 °C. The average cumulative rainfall during the study was 1,691 and 928 mm in the first and second crop years, respectively (Figure 1 ). Note. SOM-Organic matter of soil.
Experimental Design
A randomized complete block experimental design in split plot scheme, with four replications was used. Treatments consisted of the combination of five levels of metallurgy slag (0; 1; 2; 3 and 4 Mg ha -1
) applied in the plot, and with two levels of gypsum (0 and 1.9 Mg ha -1 ) applied in the subplots before planting. Each subplot was composed of five rows of sugarcane with 10 m length, spaced 1 m from each other, totaling 50 m 2 . Only the three central rows were used for quantitative analysis. The RB92579 variety was used at a planting density of 15 buds per meter.
The slag application was carried out in such a way as to provide a uniform distribution at the bottom of the planting furrow. The gypsum, in turn, was applied to cover the entire area, when the furrows had already been closed, according to the method described by Sousa et al. (2007) .
The sugarcane planting was carried out between August and September 2010. It was used a fertilization of 600 kg ha -1 of formulation 08-22-20, based on the result of soil analysis collected before the experiment installation. At 150 days after planting (DAP), 60 mm of water was applied using a sprinkler irrigation system. At 470 DAP, sugarcane of the first cycle was harvested, then, it was performed a cover fertilization with 500 kg ha -1 of formulation 14-00-18. At 410 days after harvest (DAH), the sugarcane of the second cycle was harvested.
Morphological Analysis
The stalk height and diameter and leaf area were evaluated at 90, 270 and 360 DAP in 10 plants of the central rows of each subplot. In addition to these measurements, the average tillering of each row was determined, counting the number of plants per meter of the furrow, in the three central rows of the plot.
The stalk height was measured using a measuring tape from the ground level to the leaf ligule +1, and the stalk diameter was measured using a caliper on the middle third of the stalk. Leaf area was determined according to Hermann and Câmara (1999) .
The same morphological analyses were performed for the sugarcane ratoon at 90, 300, and 390 DAH.
Evaluation of Root Development
After the harvest and cleaning the study area of the sugarcane plant and sugarcane ratoon, samples of soil and root were collected using an auger type "mug" (volume of 1.62 dm 3 ) in the layers of 0-20, 20-40 and 40-60 cm, for the evaluation of the sugarcane root development, according to the recommendations of Vasconcelos et al. (2003) with modifications. In each subplot, two soil and root samples were collected at 25 cm from the middle of the sugarcane row.
Evaluation of Stalk and Sugar Yield
Yield, in tons of stalk per hectare, was evaluated at 407 DAP and 410 DAH. For this purpose, the area was burned, and the three central rows of each subplot were cut. From the tons of stalk per hectare data and sugarcane sucrose, ton of pol per hectare was calculated (Fernandes, 2000) .
Statistical Analysis
Data were subjected to analysis of variance at 5% probability by the F-test, and the means of the treatments were compared by the Tukey test. Data relating to slag rates were subjected to regression analysis and represented in graphs.
Results and Discussion
Morphological Analysis
Slag and gypsum had no influence on sugarcane growth in height in the two evaluated cycles. Corroborating the results of the present study, Madeiros et al. (2009) found similar results in sugarcane and Oliveira et al. (2013) in sunflower growth, which were not influenced by the application of metallurgy slag. However, in other studies, sugarcane plants had their height increased with the application of metallurgy slag (Prado et al., 2003; Madeiros et al., 2008; Sobral et al., 2011) .
Gypsum had no effect on the stalk diameter in the two evaluated cycles. Slag only increased the stalk diameter at the end of the second crop cycle (Figure 2 ). These results corroborate those found by Madeiros et al. (2008) who observed an increase in stalk diameter with the application of 4 Mg ha -1 of metallurgy slag. 
Stalk and Sugar Yield
The yield of stalks and sugar was not influenced by the use of slag and gypsum in the first cycle. This fact can be attributed to the high vigor of sugarcane from the first cycle due to the use of the bud sett reserve. In addition, in during plant-cane crop, there was no water restriction ( Figure 1 ) which favored the crop growth. Similar results were found by Leite et al. (2008) , who found no effect of up to 450 kg of calcium silicate on sugarcane yield in an area with annual precipitation of 1493 mm.
Regarding ratoon crop, yield of stalks and sugar increased linearly as a function of the slag levels ( Figures 3A  and 3B ). In this cycle, the water was restricted, with lower rainfall compared to the plant-cane crop (Figure 1 ). In the second crop cycle, yield of stalks increased by 15% with the highest level (4 Mg ha -1 ) compared to the control ( Figure 3A ). This increase in sugarcane yield in the ratoon-cane of cultivation is directly related to the slag residual effect (Korndörfer et al., 2000; Madeiros et al., 2008) . Prado et al. (2003) report that silicate has a residual effect on soil, showing effects throughout the years of cultivation. Prado & Fernandes (2009) found an increase in ratoon-crop production with the application of silicate levels. Prezotti and Martins (2012) , also observed an increase in yield of stalks production with the application of silicate levels, corroborating the results of our study. Figure 3B ). A similar result was found by Ayres (1966) in Hawaii, who found an increase of 22% in sugar production, using 6.2 t ha -1 of calcium silicate.
Root Dry Mass
Root biomass was affected by gypsum and slag in the two cultivation cycles (Figure 4 ). The use of slag, gypsum, and slag + gypsum caused an increase in root mass of 16, 42 and 80% in plant-cane and 5, 31 and 41% in ratoon-cane, respectively, in comparison with the control plants (Figure 4) . Similar results were reported by Sousa et al. (2007) and Rocha et al. (2008) who found that the application of gypsum enhanced root growth in depth in sugarcane. Although the root system of plant-cane was influenced by the use of slag and gypsum, yield was not affected in the first cultivation cycle. The good rainfall during this crop season may explain why increased root growth in depth was not decisive for yield maintenance. This not happened during the ratoon-cane crop when there were drought events during the cultivation cycle, and increased root biomass in depth ( Figure 5 ) was fundamental for the sugarcane production. Figure 5 . Relative distribution of plant-cane and ratoon-cane root biomass as a function of the se of slag and gypsum. Means superscribed by equal letters, both for treatments within the depths (lowercase letters) and for depths within the treatments (uppercase letters), do not differ at 5% probability level by the Tukey Test
The application of slag and gypsum also improved root distribution in depth ( Figure 5 ). In plant-cane, there was a increase of 76, 176 and 333% in root mass with the use of silicon, gypsum, and silicon + gypsum, respectively, between 40 and 60 cm of depth. While, this increase was much less intense between 0 to 20 cm of depth. According to Morelli et al. (1992) and Sousa et al. (2007) , the use of slag and gypsum allows a better root growth in depth and enhances the exploitation of soil volume and extraction of water and nutrients by sugarcane. This fact is due to the correction of acidity, in addition to providing calcium and magnesium in upper soil layer by the application of slag (Fernandes & Prado, 2001) , and higher solubility and mobility in the soil by application of gypsum, resulting in better root growth in depht and use of soil volume (Morelli et al., 1992; Rocha et al., 2008) .
However, as it is observed in our experiment, the increase root growth in depth brings benefits to crop growth and yield only if the environmental conditions are restrictive in water availability in the soil, as occurred in ratoon-crop in our experiment.
Sugarcane has a poor distribution of root in depth. This can also differ among cultivar, being crucial for sugarcane cultivation in rainfed areas, with direct effect on crop yield (Costa et al., 2007) . Therefore, the use of metallurgy slag and gypsum under dry conditions may be an alternative to improve the growth and distribution of sugarcane root system in depth.
Conclusions
1) Metallurgy slag and gypsum had no effect on plant-cane yield. However, stalk and sugar yield increased in ratoon-cane with the use of slag.
2) The use of slag combined with gypsum provided a higher biomass allocation to the sugarcane roots in the two crop cycles, and there was also a better root distribution in the soil depth.
3) The use of slag and gypsum in sugarcane can be recommended for regions with seasonal droughts events where the increase of the root system can be decisive for the yield maintenance under water deficit conditions.
